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Abstract 
The Sleipner Project in Norway is the world’s first industrial-scale geological carbon storage project. Seismic 
surveys have produced high fidelity 4D seismic data that delineated the CO2 plume migration history. Therefore, the 
Sleipner Project provides a somewhat unique opportunity to simulate the dynamics of CO2 plume migration in a real 
geological system. We simulated CO2 plume migration in the uppermost layer (Layer 9) in the Utsira Sand, Sleipner 
field and calibrated the model against the time-lapsed seismic monitoring data from 1999 to 2008. Instead of using 
ideal geometry and homogenous geological properties, we adopted the grid mesh from the Sleipner Benchmark 
model to represent the complexity of real geological systems. Approximate match with the observed plume was 
achieved by introducing lateral permeability anisotropy coupled with either an increased reservoir temperature with 
CH4 impurities in the CO2 stream or a second feeder. Predicted gas saturation, thickness of the CO2 accumulation 
and CO2 solubility in brine—none of them has been used as calibration metrics—are comparable with 
interpretations of the seismic data in the literature. Our simulation results illustrate that the actual behaviors of the 
injected CO2 plume conform to the modeled behaviors. The Sleipner project is on-going. The good match of plume 
history provides a calibrated model for making predictions of CO2 plume migration into the future. By comparing 
the model prediction and monitoring data that are not used in the calibration, we will have a well-grounded 
assessment of modeling uncertainties. 
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1. Introduction 
Predictive modeling of CO2 plume is indispensable for Carbon Capture, Utility, and Storage (CCUS) projects. 
Numerical models are used by applicants and regulators to make decisions at all phases of a project from site 
selection, characterization, and injection to post-injection monitoring. A mathematical model is also a management 
tool, one that is updated and refined as data from characterization, injection, and monitoring become available. 
However, the accuracy of modeling results and knowledge of the uncertainties of a model are important factors to 
consider. The complexity of multiphase flow and the complexity of geological systems pose challenges to 
adequately modeling and predicting CO2 plumes. The Sleipner project provides an opportunity to explore some of 
these issues.  
The Sleipner Project in the Norwegian North Sea is the world’s first industrial-scale geological carbon storage 
project. Starting in 1996, CO2 separated from natural gas has been injected into the Utsira Sand at the rate of 
approximately one million metric tons (Mt) of CO2 per year [1]. By the middle of 2012, a total of ~ 13.5 Mt of CO2 
has been injected [2]. Seismic surveys of the site have been conducted prior to injection in 1994, and then been 
repeated in 1999, 2001, 2002, 2004, 2006, 2008, and 2010 [3-5]. These surveys have produced high fidelity 4D 
seismic data that delineated the CO2 plume migration history in the Utsira Sand. The Utsira Sand has a storage 
potential of 2 - 15.7 billion tons of CO2, and can be a major reservoir for neighboring European countries for years to 
come [6]. 
CO2 migration in the subsurface is a complex process. Numerous “conceptual models” have been developed [7-
15]. In these models, idealized geometry, homogeneous and isotropic permeability, and isothermal aquifers are 
typically assumed. While these models have helped to elucidate many multiphase flow processes and the complex 
interplay between these processes that ultimately determine CO2 migration, they do not give insight into how CO2 
migrates in real geological systems. Applying mathematical models to real geological systems brings in the 
complexity, such as reservoir geometry, spatial heterogeneities and uncertain boundary conditions. In order to 
identify the critical processes and parameters that determine CO2 migration and fate in reality, models must be tested 
firstly in real geological systems with calibration data. 
In this study, we applied two advanced compositional simulators GEM® [16] and TOUGH2 [17] to the Sleipner 
Benchmark model released by Statoil, and calibrate the model to match with historic CO2-brine contact development 
(1999-2008). The predicted gas saturation, thickness of the CO2 accumulation, and CO2 solubility in brine—none of 
them has used as calibration metrics—are then compared with interpretations of the seismic data in the literature, in 
order to verify the calibrated model.  
2. Geological settings and field data 
Starting in 1996, CO2 separated from the natural gas at Sleipner Field has been injected into the Utsira Sand. The 
Utsira Sand extends along the Viking Graben near the UK/Norwegian median line for more than 450 km south-north 
between 58o N and 61o40’ N, and 75 ~ 130 km east-west between 1o E and 3o50’ E. The Utsira Sand has a thickness 
ranging between 200 and 300 m with the top of the formation at about 800-1000 m below sea level at the injection 
point [18-20]. The average porosity is ~ 36% and the permeability ranges from 1 to 5 Darcy (ibid.).  The injection 
point is located at 1012 m below the mean sea level [21]. 
The primary reason to choose Sleipner as our field site is the availability of comprehensive data, including 
seismic and well log data. Up to 300 testing wells have been drilled, among which are 30 wells within 20 km of the 
injection site. Information collected from the wells includes lists of formation top, geophysical logs, reservoir core 
material, selected cuttings of caprock and reservoir rocks, and reservoir pressure measurements [22]. Baseline time-
lapse 3D seismic data have been acquired in 1994, prior to the injection. Repeat surveys have been conducted at 
1999, 2001, 2002, 2004, 2006, and 2008, the latter two are augmented by a high resolution 2D seismic and seabed 
imaging survey [3]. Nine CO2 accumulation layers are identified through seismic data. The topography (lateral 
extent, continuity, etc.) of each layer is markedly different. However, only the uppermost CO2 plume in the “Sand 
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Wedge” unit (Layer 9), which is separated by a 5 m shale unit as its lower boundary, is clearly resolved based on the 
shallowest bright reflection in the seismic data. CO2 accumulation through time has also been quantified in this layer 
[4, 23, 24]. On the other hand, the interpretation of lower CO2 plume layers is affected by the overlying bright 
seismic reflections. In addition, Layer 9 is in immediate contact with the overlying sealing caprock. Therefore, CO2 
behavior and fate in this layer is determinative to the long-term effectiveness and security of the containment. Thus, 
our current study only focuses on the uppermost CO2 storage in the Layer 9 where topography is well defined using 
high-resolution seismic maps aided by well data.  
3. Model construction 
The grid mesh from the Sleipner Benchmark model was loaded into GEM®. GEM® is an adaptive-implicit 
multiphase multi-component flow simulator with phase equilibrium and mineral dissolution/precipitation that uses 
the fully-coupled approach [16, 25]. The modeled area is approximately 3×6 km. The grid dimensions are x = 65, y 
= 119, z = 43 with a total of 332,605 blocks (Fig. 1). GEM® uses a Peng-Robinson equation of state [26] for 
calculating CO2 density and solubility. CO2 viscosity is calculated based on the HZYT method [27-29]. Viscosity of 
brine is calculated using the equation from Whitson and Michael [30] and data from Kestin, Khalifa and Correia 
[31].  
 
 
Fig. 1. Grid mesh translated from the Sleipner Benchmark model. The grid dimensions are x = 65, y = 119, z = 43 with 332,605 total blocks. (a) 
3D grid mesh from the Sleipner Benchmark model. (b) Cross-section shows the sandstone layer (Layer 9) sandwiched by the two mudstone 
layers and the position of the CO2 injection well (Inj 1) projected from below. 
4. Model calibration 
The first parameter to be calibrated is permeability. Geological studies of the Utsira Sand at Sleipner suggested 
that the system was formed with a north-south trend and indicating preferential north-south permeability anisotropy 
[32, 33]. This is also consistent with the observation from the seismic data that revealed an elongated north-trending 
CO2 plume after the injection. Therefore we adopt the lateral permeability of 2 Darcy east-west and 10 Darcy north-
south and compare the results with those from the scenario of 2 Darcy isotropic in all horizontal directions. The 
results are comparable with the TOUGH 2 simulations from Chadwick and Noy [34]. We reach a similar conclusion 
(a) 
(b) 
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as Chadwick and Noy [34] that anisotropic permeability improves the match somewhat, but it is not possible to 
match the observed spreading of the topmost layer by adjusting permeability alone. 
          
 
 
Fig. 2.  Simulated time-series CO2 plume extent. The black outlines are the observed aerial extents of CO2 plume from Boait, White, Bickle, 
Chadwick, Neufeld and Huppert [4]; the triangle in (c) represents the location of second feeder, and the circle represents the main feeder. 
(a) Base Case 1-T=33.5 oC, CH4= 2.4%  
(b) Test Case-T=35 oC, CH4= 1.15%  
(c) Base Case 2-Two Feeders  
(d) Test Case-TOUGH2  
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Then, the combinations of temperature and CH4 were adjusted. The CO2 at Sleipner contains about 1.5 - 2.5 % 
methane and also butenes, toluenes, and xylenes (BTX) [20, 34-36]. The possibly upper limit of reservoir 
temperature is 35 oC [37]. Supercritical CO2 under Sleipner P, T conditions has gas-like properties, and CO2 density 
and viscosity decrease drastically with both increased CH4 content and increased temperature, which may enhance 
the buoyance effect. Therefore we tested a simulation with 33.5 oC and 2.4% CH4, coupled with lateral permeability 
anisotropy. The calibrated model (referred to as Base Case 1) shows the spread and lateral migration of the 
simulated CO2 plume in the top grid layer are comparable for most parts with seismic delineated history from 1999-
2008 (Fig. 2a). The calibrated model is generally able to match the elongated, northward extension of the observed 
plume. However, the predicted CO2 plume has a larger E-W extension than what seismic data indicate. Base Case 1 
demonstrates an improved match to seismic data than previous models in the literature as well [19, 38]. 
5. Results of calibrated model 
In this study, the only calibration target is the CO2-water contacts (CWC). Other physical attributes as model 
outcomes discussed below are predictions or inferences. These predictions are compared to interpretations of seismic 
data, which are not direct observations but estimates with high-level uncertainties.   
               
 
Fig. 3.  (a) Vertical distribution of gas saturation from Base Case 1 in 2006. (b) Layer thickness–saturation function. The solid curve is based on 
the equilibrium of capillary force, and buoyancy [34]; the scatter plot is the data collected from Base Case 1. (c) Simulated average gas saturation 
in the CO2 plume of the Layer 9 from Base Case 1. 
5.1. Gas saturation 
In Base Case 1, Layer 9 is divided into 34 vertical sub-layers (~ 0.35 m per sub-layer). The sizes and saturation of 
CO2 distribution decrease significantly from top to bottom (Fig. 3a). The area of CO2 distribution in the topmost sub-
layer delineates the maximum extent of the CO2 plume migration. 
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The distribution of average gas saturation (Fig. 3c) simulated by Base Case 1 is comparable with gas saturation 
maps from Chadwick and Noy [34]. The average gas saturation maps from Chadwick and Noy (2010b) were 
computed from the amplitude-thickness relationship, and capillary pressure-saturation relationship which was 
determined by centrifuging experiments on cores from the Utsira Sand. Although the high gas saturation areas from 
the multiphase flow simulations and seismic interpretations are similar, the simulation results show much more 
dispersive gas along the plume fringes, particularly in the west. 
We compare the relationships between layer thickness and gas saturation from our simulation to that of Chadwick 
and Noy [34], which was calculated from the simplified equilibrium equation of capillary force and buoyance (Fig. 
3b). The maximum values of gas saturation in Fig. 3b are ~ 0.98 and ~ 0.87, respectively, for Chadwick and Noy 
[34] and our Base Case 1.  Note that the relative permeability curve we used in our model limits maximum CO2 
saturation to 0.89. 
5.2. Thickness of CO2 plume 
The thickness of the CO2 plume (Base Case 1) is 0.3 - 4.1 m, 0.3 - 6.2 m, and 0.35 - 7.4 m for 2001, 2004, and 
2006, respectively. The thickness of the CO2 plume inferred from Base Case 1 is ~ 1.5 m thicker than the estimates 
from seismic amplitudes by Chadwick and Noy [34]. Note that Chadwick and Noy [34] obtained the CO2 layer 
thickness both from reflection amplitudes and structural analysis, and thickness in 2006 derived from structural 
analysis can be up to  ~ 4 m larger than that calculated from reflection amplitudes.  
5.3. CO2 solubility 
Considering the relatively short time (~ 10 years) after the initial injection, the injected CO2 is mainly in a 
supercritical state as expected. Dissolved CO2 is the dominant phase in the first several days as CO2 encounters fresh 
brine that is undersaturated with respect to CO2, but free phase supercritical CO2 takes over after several days 
because the solubility limit of CO2 is reached and supercritical CO2 displaces CO2 saturated brine afterwards. With 
time, the fraction of dissolved CO2 is approaching ~7% in 2008 (Fig. 4). Previous estimate of dissolved CO2 based 
on seismic data are in the range of 5 – 10 % total CO2 injected [34].  
 
Fig. 4. Fractions of dissolved and supercritical CO2 as a function of time from Base Case 1. The dissolved fraction (~ 7% in 2008) is consistent 
with previous estimate of dissolved CO2 based on seismic data in the range of 5 - 10 % total CO2 injected.   
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6. Discussion 
6.1. Uniqueness of models 
(1) With potential feeders 
Both Chadwick and Noy [34] and Singh et al. [19] used a single feeder in their models. Chadwick and Noy [34] 
used the location between the two initial accumulations which appeared in Layer 9 in the 1999 seismic survey. The 
southern accumulation is along the chimney projection. Most previous modeling work [19, 34, 37] points out the 
need and probable justification for more feeders. Therefore we tested the simulation with two feeders, coupled with 
lateral permeability anisotropy (referred to as Base Case 2). Other parameters are the same as that in Sleipner 
Benchmark model. The main feeder is the projection of the real injection point into Layer 9 and a second smaller 
feeder (the triangle in Fig. 2c) is added at the coordinates x = 438,925 and y = 6,472,250, which is beneath one of 
the thickest areas of the CO2 plume in the north ridge. This thick area appears in the 2004 and 2006 seismic survey 
maps, but not in the 2001 map [34]. Thus, we assume that the second feeder starts to contribute from January 1, 
2002. 100% mass of CO2 is distributed to the main feeder during 1999-2001; starting from 2002, 85% mass is 
assigned to the main feeder and 15% mass to the second feeder. Fig. 2c shows that using two feeders improves CO2 
migration to the north ridge. The simulated CWC approximately matches with the observed aerial extent of the CO2 
plume in 1999, 2001, 2002, 2004, 2006, and 2008 and is generally able to represent the elongated, northward 
extension of the observed plume. However, there is no sufficient seismic evidence to support for a second feeder and 
its spill rate, except the CO2 plume thickness information interpreted from seismic data. Therefore, our Base Case 2 
model is a forced model to favor the history match, but it demonstrates the important effect of potential feeders on 
the CO2 migration. 
(2) With different combinations of temperature and CH4 content 
Different combinations of T and CH4 can produce similar match to the CWC as Base Case 1 and a linear 
regression relationship is found for these CH4 content and temperature combinations (Equation 1). A simulation 
with a combination of 33.5 oC and 2.4% CH4, which was obtained from Equation 1, was tested. The results shows 
an almost same simulated CWC as Base Case 1 (Fig. 2b), which demonstrates the practicability of the relationship 
between T and CH4. 
405.31865.0  xy                                                                              (1) 
where y is the CH4 content (%); x is the reservoir temperature (oC). 
In summary, we now have two possible modeling strategies of a good historic CWC match: one strategy with 
different combinations of temperature and CH4 content, and another with a second feeder to Layer 9 (Fig. 2a-c). 
This model non-uniqueness indicates the significant knowledge gap for temperature, CH4 content and potential 
feeders at Sleipner, and also indicates these gaps cannot be eliminated through history-matching for CWC alone.  
6.2. Parameter sensitivity  
We employed the one-factor-at-a-time approach (OFAT) for sensitivity analysis. The primary model output 
considered in sensitivity analysis in this study is the CWC in Layer 9. The justification for choosing CWC is that 
other model outputs, such as the distribution of CO2 saturation within the plume, plume thickness, and the amount of 
CO2 trapped, gleaned from seismic data are more subject to interpretations and of lower accuracy [34]. The baseline 
reference for sensitivity analysis is Base Case 2. 
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Fig. 5. Relative permeability curves employed in Test Case-Gas Saturation, which are modified from the upscaled relative permeability curves of 
Singh, Cavanagh, Hansen, Nazarian, Iding and Ringrose [19], by using unscaled end-point saturation of gas phase of 0.61 from laboratory 
measurements [23].    
 
         
Fig. 6. (a) Simulated CWC by Test Case-Gas Saturation vs. Base Case 2. The black outlines are the observed CWC from Boait et al. [4]; the red 
lines are the results of Base Case 2; the blue lines are the CWC simulated by Test Case-Gas Saturation. (b) Simulated gas saturation of the CO2 
plume in the top sub-layer of Layer 9 in 2006 from Base Case 2 (left) and Test Case-Gas Saturation (right) respectively. (c) Vertical profile of the 
CO2 plume in Layer 9 in 2006 along J = 47 in (b). The red and blue lines represent the simulated bottom of the CO2 plume in the Base Case 2 and 
Test Case-Gas Saturation, respectively; the black lines are the topography of the caprock bottom in the model. 
(1) Different reservoir simulator 
Uncertainties in modeling results can arise from the different conceptualization of multiphase flow and the 
different numerical treatment of the equations found in different software packages. To assess the uncertainties 
associated with modeling codes, we used TOUGH2 and essentially similar parameters in Base Case 2. TOUGH2 is 
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developed by Lawrence Berkeley National Laboratory and is a simulator for modeling non-isothermal multiphase 
flow in the system H2O-NaCl-CO2 [39]. In TOUGH2, density and viscosity of CO2-rich phase, approximated as pure 
CO2, are obtained from correlation developed by Altunin [40]; brine density for binary system water-salt is 
calculated first from the correlations of Haas [41] and Andersen, Probst, Murray and Butler [42] and then the density 
of aqueous phase with dissolved CO2 is calculated assuming additivity of the volumes of brine and dissolved CO2 
[39]; brine viscosity is obtained from a correlation presented by Phillips [43], but no allowance is made for 
dependence of brine viscosity on the concentration of dissolved CO2. In this study, Cartesian grid is employed in 
TOUGH2 model for spatial discretization. The results show the simulated CWC and CO2 saturation distribution by 
TOUGH2 is comparable with Base Case 2 modeled by GEM® (Fig. 2d), although these two software packages treat 
CO2 phase density as a function of temperature and pressure, relative permeability curves, and numerical grids 
differently. The similar results of different simulators give more confidence to the models. 
(2) End-point saturation of gas phase 
Unscaled end-point saturation from laboratory measurements is 0.61 for gas phase and 0.91 for brine phase [23], 
while in Sleipner Benchmark, the upscaled relative permeability curves with 0.89 gas saturation is employed. To 
evaluate the effects of end-point saturation of gas phase on the simulation results, we test a scenario (Test Case-Gas 
Saturation) with unscaled gas saturation from laboratory measurements to compare with the Base Case 2 (Fig. 5). 
The simulated CWC is approximately the same as Base Case 2, except a little more extension to the south (Fig. 6a), 
but the thickness of CO2 plume is increased around 15% (~1 m) at profile of J=47 (Fig. 6b, c) and gas saturation in 
the top sub-layer of Layer 9 in 2006 decreases from ~0.87 to ~0.6 (Fig. 6b). Therefore, the simulated plume 
thickness and gas saturation are more sensitive to end-point saturation of gas phase than CWC. 
6.3. Prediction uncertainty  
To test the forecasting ability of our calibrated model, we make a model prediction to 2018. When the model 
(Base Case 1) was calibrated, the 2010 seismic data were not available, and hence the 2010 data were not a part of 
the calibration and can be a good criterion to assess the model. In 2010 (Fig. 7), the simulated CWC approximately 
matches with the observed plume outline in east, south and north, but it exceeds in west.  
 
Fig. 7. Simulated time-series extent of CO2 plume in the top sub-layer of Layer 9 from 2010 to 2018 by Base Case 1. The black line in 2010 is the 
CWC interpreted from the seismic data of Statoil; the blue background color indicates the horizontal range of the mesh grid of the Sleipner 
Benchmark. 
7. Conclusions and remarks 
We applied two advanced compositional simulator, GEM®, and TOUGH2 to the Sleipner Benchmark model 
released by Statoil for Layer 9 of the Utsira Sand at the Sleipner project, Norway. Calibration against seismic data 
based CWC is accomplished by adjusting the reservoir temperature and CH4 content, coupled with lateral 
permeability anisotropy. Such parameter fitting is able to produce a general match of the CO2 plume migration 
history from 1999 to 2008.  
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The model predicts gas saturation, thickness of the CO2 accumulations in Layer 9 through time, and the overall 
dissolved CO2 in brine (solubility trapping) versus supercritical CO2 (hydrodynamic trapping), within the ranges of 
estimates from geophysical data interpretations reported in the literature. In particular, the amount of CO2 dissolved 
(7%) from the model prediction is comparable to the approximate estimates from seismic data interpretation (5-
10%). Although these estimates in the literature are not direct observations but interpretations with high level of 
uncertainties, the good match indicates the dynamics of CO2 migration once injected in real geological system can 
be generally represented by our calibrated model.  
As pointed out by Holloway, Chadwick, Czernichowski-Lauriol and Arts [22], reservoir simulation of CO2 
migration history is a critical step to verify and improve the geological interpretation of the seismic data. 
Geophysical interpretations of the seismic survey are non-unique. Therefore, iterations between the geophysical 
interpretation and the reservoir simulation will improve our understanding of the reservoir geology. Typically, 
laboratory measured permeability needs to be increased by orders of magnitude in order to produce good matches 
[34, 44]. Here, we show that an increase of N-S permeability anisotropy helped historic matching, which is 
consistent with the NNE-SSW oriented sedimentary regimes of the Utsira Sand.  
 CH4 content, temperature, and potential feeders have great effects on CO2 migration. With either a slightly 
higher temperature and CH4 in the CO2 stream or a second feeder, we can achieve the match with historic CWC 
development (1999-2008). The model non-uniqueness indicates there is significant knowledge gap for temperature, 
CH4 content, and potential feeders at Sleipner and these gaps cannot be eliminated only through history-matching 
for CWC. Further data collections and observations are needed.  
With a different reservoir simulator (TOUGH2) from our GEM® based model, similar plume migration history is 
obtained when almost identical parameters are used. Hence, the good match of CO2 plume history is not software 
package specific. 
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